Introduction {#sec1-1}
============

Peripheral neuropathies are defined as a heterogeneous category of diseases in which lesions of the nervous system can induce dysfunctional pain signalling and altered sensory mechanisms. The treatment of these pathologies is very difficult and available drugs inhibit hyperalgesic symptomatology of neuropathy. Neuroprotective and/or neurorestorative effects of pharmacological treatments were reported rarely (Di Cesare Mannelli et al., 2010).

Animal models mimicking peripheral nerve injury have been developed to study chronic neuropathic pain, and one of the most widely used is Bennett and Xie\'s (1988) unilateral sciatic nerve chronic constriction injury (CCI). This model is characterized by a painful syndrome with hyperalgesia beginning approximately 3 days after nerve injury, reaching a plateau between 7 and 15 days, and then decreasing (Bennet and Xie, 1988). In CCI, hyperalgesia is accompanied by apoptosis phenomena in manipulated nerves, starting since the second week after nerve ligation (Di Cesare Mannelli et al., 2007).

Prolonged treatment of rats undergoing CCI with acetyl-L-carnitine (ALCAR) relieves pain sensations and prevents apoptosis in ligated nerves (Chiechio et al., 2007; Di Cesare Mannelli et al., 2007, 2009). ALCAR improved peripheral nerve function by increasing nerve conduction velocity, reducing sensory neuronal loss, and promoting nerve regeneration (Chiechio et al., 2007; Karsidag et al., 2012). It has been also reported that ALCAR raises pain threshold, displayed an anti-hyperalgesic effect both under acute (Ghelardini et al., 2002; Galeotti et al., 2004) and chronic conditions as well as in clinical settings (diabetes, anticancer and antiretroviral treatment) (Ghirardi et al., 2005; Sima et al., 2005; Osio et al., 2006; Traina, 2016).

Clinical studies in diabetic neuropathy showed that ALCAR accelerated nerve conduction velocities, improved neuroregeneration, and reduced painful symptomatology (Evans et al., 2008). Moreover, it is effective in relieving opiate-withdrawal hyperalgesia in animal models. In human beings it is effective on withdrawal symptoms such as muscular tension, muscular cramps, and insomnia (Janiri et al., 2009). Actually ALCAR is currently used for the treatment of neuropathic pain. Its long-term analgesic effects are dependent on epigenetic modifications, such as reversible modifications in gene activity (Traina, 2016). Thus ALCAR represents a consistent therapeutic option for peripheral neuropathies. Its complex neurotrophic and analgesic effects open new strategies in the study of peripheral nerve disease management (Traina et al., 2016).

ALCAR prevents nerve growth factor (NGF), glial cell line-derived neurotrophic factor (GDNF) and Artemin level changes in the CCI model of neuropathy. In particular, ALCAR increased Artemin levels in a pathology-independent manner and induced Artemin expression in dorsal root ganglia and spinal cord of sham animals (Vivoli et al., 2010). This candicates ALCAR as an agent affecting positively painful symptomatology and rescuing damaged nerves potentially interfering with the progression of this multifactorial disease (Traina et al. et al., 2011, 2016).

The present research was designed to assess if treatment with ALCAR may have a neuroprotective activity in a model of peripheral neuropathy induced by CCI of rat sciatic nerve. The anticonvulsant agent gabapentin, which is widely used for treating painful symptoms of neuropathies (Gilron et al., 2006) was also used as a reference drug.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

Male Sprague-Dawley rats (Harlan-Italia, Varese, Italy) were used. Animals were housed in number of 4 per cage (size 26 cm × 41 cm). The animals were kept at 23 ± 1°C with a 12 hour light/dark cycle, light at 7 a.m. and fed with standard laboratory diet and tap water *ad libitum*. Twenty-four hours before the test, the animals were placed in the experimental room for acclimatization. Animal manipulations were carried out according to the National and European Community guidelines for animal care (DL 116/92, of application of the European Communities Council Directive 86/609/EEC) and of ethical guidelines of the University of Florence, consistent with the Guide for the Care and Use of Laboratory Animals of the US National Institutes of Health (NIH Publication No. 85-23, revised 1996; University of Florence assurance number: A5278-01). Experiments involving animals have been reported according to ARRIVE guidelines. All efforts were made to minimize animal suffering and to reduce the number of animals used.

Rats were randomly assigned to three groups: ALCAR group (*n* = 12, CCI followed by ALCAR treatment), gabapentin group (*n* = 12, CCI followed by gabapentin treatment), and control group (*n* = 12, CCI followed by saline alone).

Rat models of peripheral mononeuropathy {#sec2-2}
---------------------------------------

Neuropathy was induced in rats anaesthetized with 400 mg/kg chloral hydrate intraperitoneally (i.p.), according to the procedure described by Bennett and Xie (1988). Under aseptic conditions, the right common sciatic nerve was exposed at the level of the middle thigh by blunt dissection. Connective tissue surrounding the nerve was carefully removed proximal to its trifurcation, and four chromic cat gut ligatures (4-0, Ethicon, Norderstedt, Germany) were tied loosely around the nerve with about 1 mm spacing. After hemostasis was confirmed, incision was closed in layers. After a period of recovery from surgery, animals were housed one per cage with free access to water and standard laboratory chow.

Treatment {#sec2-3}
---------

ALCAR was obtained from Sigma-Tau (Pomezia, Italy) and administered at 100 mg/kg. Gabapentin (Sigma-Aldrich, St. Louis, MO, USA) was administrated at 70 mg/kg. Both compounds were solubilized in saline and injected intraperitoneally (i.p.), twice a day for 14 days starting from the day of the operation. The control group rats were injected intraperitoneally (i.p.), twice a day for 14 days with saline (volume was 10 mL per kg weight). Each group consisted of 12 rats analyzed in two different experimental sets.

Paw pressure test {#sec2-4}
-----------------

One hour after the last drug administration, with an analgesimeter (Ugo Basile, Varese, Italy), the nociceptive threshold was determined (Leighton et al., 1988). Using a blunt conical probe by a mechanical device to a small area of the dorsal surface of the paw, a constantly increasing pressure was applied. Mechanical pressure was increased until vocalization or a withdrawal reflex occurred while rats were lightly restrained. Vocalization or withdrawal reflex thresholds were expressed in grams. Rats scoring below 40 g or over 75 g during the test before drug administration (25%) were discarded. An arbitrary cut-off value of 250 g was adopted. The paw pressure test was repeated in a second session at 24 hours after the first experiment. Data were collected by researchers who did not know treatment given.

Plantar test {#sec2-5}
------------

The Hargreaves radiant heat method was carried out as previously demonstrated (Hargreaves et al., 1988). The rats were placed individually in clear plastic chambers of Ugo Basile plantar test apparatus (Varese, Italy) for 20 minutes prior to the experiment for adaptation. Heat stimulation was applied at IR 60 (infrared intensity 50) on the paw with a 30-second cut-off time. The paw withdrawal latency comprised the time from the start of the beam light until the animal withdrew the paw from the heat stimulus (reaction time) was measured.

Tissue processing {#sec2-6}
-----------------

One hour after completion of the 2^nd^ plantar test, animals (*n* = 6 treated with ALCAR; *n* = 6 treated with gabapentin; *n* = 6 treated with saline alone) were sacrificed by cervical dislocation. The right sciatic nerve was exposed and excised and the portion containing the ligature was removed. Controlateral nerves were also dissected out, and a portion equivalent to that of ligated nerve was removed. The weight of tissue collected per animal/limb was approximately 20 mg.

Osmic acid staining {#sec2-7}
-------------------

After animal sacrifice, sciatic nerves were fixed *in situ* with 4% formalin in phosphate buffered saline (pH 7.4). Nerves were then fixed in a 4% buffered neutral formalin solution and processed for osmic acid staining and paraffin embedding. Portions of nerve were osmicated in a 1% solution of osmium tetroxide for 2 hours under continuous stirring. After osmication, tissues were repeatedly rinsed in 0.1 M sodium cacodylate at pH 7.4. After gradual dehydratation in ethanol, nerve samples were embedded in paraffin (Diapath, Milan, Italy). Transverse 5 μm thick sections were cut on a Reichert microtome (Leica, Rijswijk, The Netherlands), and mounted with semi-synthetic mounting medium and observed under a light microscopy (Nikon, Milan, Italy).

Morphometric analysis was performed on osmium-fixed sciatic nerve sections taken 10 mm downstream (distal) from the ligation, or at the corresponding plane in non-ligated control nerves. Sections were viewed, at a final magnification of × 400, with a light microscope connected to the screen of an IAS 2000 image analyzer. The total area of sections and the morphometry of myelinated fibers (see below) were measured. In high magnification fields, nonoverlapping areas covering 50--75% of the total cross-sectional area of the nerve were randomly selected. The number of small (diameter \< 6 μm) and large (diameter ≥ 6 μm) fibers was counted. Axon diameter and myelin sheet thickness were measured for nerve fibers (Pacini et al., 2010). Myelin thickness was calculated by subtracting values of axon perimeter from those of nerve fiber perimeter. Measurements were made in blind by two researchers independently.

Histochemistry and immunohistochemistry {#sec2-8}
---------------------------------------

The 1^st^, 2^nd^, 7^th^, 8^th^, 13^th^, 14^th^, 19^th^, 20^th^ consecutive paraffin sections (10 μm thick) were stained alternatively with: i) Masson\'s trichromic staining, to investigate the morphology of different nerve components and the occurrence of oedema and of inflammatory infiltrates; ii) Luxol fast blue, to assess myelin deposition. Sections were viewed at a light microscope connected with the above IAS image analyzer at a final × 400 magnification.

The 3^rd^, 4^th^, 9^th^, 10^th^, 15^th^, 16^th^, 21^st^, 22^th^ consecutive paraffin sections (10 μm thick) were processed for 200 kDa neurofilament protein (NF) immunoreactivity using a mouse monoclonal antibody raised against NF (Millipore, Milan, Italy; Cat. No. MAB5262) at the dilution of 1:500 (incubation overnight at 4°C). The 5^th^, 6^th^, 11^th^, 12^th^, 17^th^, 18^th^, 23^rd^, 24^th^ consecutive sections were processed overnight at 4°C for myelin basic protein (MBP) immunohistochemistry using a mouse monoclonal antibody (Calbiochem, Milan, Italy; Cat. No. NE 1019) diluted at 1:1,000 with 0.3% PBS-Triton X-100. After three washes with PBS, sections were then incubated for 1 hour at room temperature in a mouse-biotinylated secondary antibody (Millipore; Cat. No. AP124B). The product of the immune reaction was then revealed using a biotin-streptavidin immunostaining kit (Vectastain ABC Kit Elite, Vector, Cat. No. PK 6100) with 0.7 mg/mL 3,3′-diaminobenzidine (DAB) in 1.6 mg/mL urea as a chromogen (Sigma Fast™, Sigma Aldrich, Milan, Italy), Cat. No. D4168). After washing, sections were then dehydrated in ethanol, mounted in mounting medium and observed under a light microscope. Control sections (second of the above series) were processed in the same way, but using a non-immune mouse IgG instead of the primary antibody. These sections did not develop specific immunostaining (data not shown).

Sections processed for immunohistochemistry were viewed under a light microscope connected to the screen of the above image analyzer and used for evaluating the area of the Luxol fast blue staining and the intensity of NFP or MBP immunostaining. The intensity of axonal NFP immunostaining and the intensity of MBP immunostaining developed in myelin sheaths were assessed microdensitometrically with an image analysis system calibrated taking "zero" as the background developed in sections incubated with a non-immune serum and "100" as the conventional value of maximum intensity of staining.

Statistical analysis {#sec2-9}
--------------------

Data were collected by researchers who did not know treatment given. All data of different parameters are expressed as the mean ± SEM, calculated from single animal data, and the group means are then obtained from single animal values. The significance of differences between means was analyzed by analysis of variance (ANOVA) followed by the Student-Newman-Keuls test for calculating the significance of differences between means.

Results {#sec1-3}
=======

Pain measurements {#sec2-10}
-----------------

Fourteen days after surgery in response to the paw pressure test, the nociceptive threshold of rats undergoing right sciatic nerve ligation was 31.5 ± 3.1 g, compared with the controlateral part that presents a threshold of 58.9 ± 4.5 g (*P* = 0.006) (**[Figure 1](#F1){ref-type="fig"}**; control, vehicle-treated rats). Treatment with ALCAR for 14 days starting from the day of the operation significantly increased the threshold of nociceptive response to mechanical stimuli. The effect was observed both in the left paw with an analgesic effect (117.4 ± 5.9 g, *P* \< 0.01, *vs*. control), but not in the right paw (55.2 ± 6.0 g) (**[Figure 1](#F1){ref-type="fig"}**). Gabapentin administration induced an anti-hyperalgesic effect increasing the nociceptive threshold in the right paw (59.1 ± 3.2 g) (**[Figure 1](#F1){ref-type="fig"}**). These effects were noticeable in tests performed 60 minutes after pharmacological treatment and 24 hours after the last ALCAR, gabapentin or vehicle administration (data not shown).

![Mechanical hyperalgesia.\
Paw pressure test in response to noxious stimuli on the paw ipsilateral to ligation in comparison to the contralateral unoperated control paw. Animals were left untreated (control) or treated with acetyl-l-carnitine (ALCAR, 100 mg/kg, intraperitoneally) or gabapentin (GBP; 70 mg/kg, intraperitoneally) twice a day for 14 days starting from the day of operation. Tests were performed 60 minutes after the last injection of compounds. Values represent the mean of 12 rats per group analyzed in two different experimental sets. °*P* \< 0.01, *vs*. the left paw of control rats; \**P* \< 0.01, *vs*. the corresponding paw of control rats (analysis of variance followed by the Student-Newman-Keuls test).](NRR-13-692-g001){#F1}

Similar results were found in experiments involving thermal hyperalgesic stimuli (**[Figure 2](#F2){ref-type="fig"}**). Fourteen days after ligation, the ipsilateral paw tolerated the hot stimulus for 6.5 ± 1.1 seconds, and the normal contralateral paw tolerated the hot stimulus for 17.3 ± 1.8 seconds (*P* = 0.008, *vs*. ligated). ALCAR increased the paw withdrawal threshold to 18.6 ± 1.5 seconds and 27.5 ± 2.1 seconds on the ipsilateral and contralateral paws, respectively (*P* \< 0.01 *vs*. respective control). Gabapentin did not modify contralateral paw withdrawal threshold but significantly increased the ipsilateral paw withdrawal threshold (17.6 ± 1.8 seconds, *P* = 0.007, *vs*. respective control).

![Thermal hyperalgesia.\
Plantar test in response to noxious stimuli on the paw ipsilateral to ligation (right one) *versus* the controlateral unoperated control paw (left one). Animals were left untreated (control) or treated with acetyl-l-carnitine (ALCAR, 100 mg/kg, intraperitoneally) or gabapentin (GBP; 70 mg/kg, intraperitoneally) twice a day for 14 days starting from the day of operation. Tests were performed for 60 minutes after the last injection of compounds. Values represent the mean of 12 rats per group analyzed in two different experimental sets. °*P* \< 0.01, *vs*. the left paw of control rats; \**P* \< 0.01, *vs*. the corresponding paw of control rats (analysis of variance followed by the Student-Newman-Keuls test).](NRR-13-692-g002){#F2}

Morphological results {#sec2-11}
---------------------

CCI of the sciatic nerve induced a massive degeneration of myelinated and non-myelinated axons distal to the ligation site. Compared to the left (control) sciatic nerve (**[Figure 3A](#F3){ref-type="fig"}**), axons of the right sciatic nerve distal to ligation displayed signs of a typical Wallerian degeneration, with less compact and edematous axons and accumulation of inflammatory cells (**[Figure 3B](#F3){ref-type="fig"}**). Periaxonal myelin sheaths were absent or damaged and the myelin-axon border was not clearly identifiable (**[Figure 3B](#F3){ref-type="fig"}**). Microanatomical changes were less pronounced in the portion of sciatic nerve proximal to the ligation (data not shown). Changes of sciatic nerve distal to ligation were inhibited in part by treatment with ALCAR (**[Figure 3C](#F3){ref-type="fig"}**), whereas treatment with gabapentin had no effect on the morphology of the damaged nerve (**[Figure 3D](#F3){ref-type="fig"}**).

![Micrographs of sections of rat sciatic nerve.\
Masson\'s Trichromic staining to verify microanatomical details. The morphology of the left unoperated nerve (A) is normal. Ligation (B--D) caused a morphological disarrangement of the nerve, which was reversed in part by treatment with acetyl-l-carnitine (C) but not with gabapentin (D). (A) Sciatic nerve of the left unoperated side of a control rat. (B) Right sciatic nerve close to the ligation site of a damaged rat. (C) Right sciatic nerve close to the ligation area of an ALCAR-treated rat. (D) Right sciatic nerve close to the ligation area of a gabapentin-treated rat. Scale bars: 12.5 μm.](NRR-13-692-g003){#F3}

Nerve morphometry {#sec2-12}
-----------------

Morphometric analysis revealed that the total number of nerve fibers of the sciatic nerve was decreased in the distal portion of the ligated nerve compared to the opposite control side (**[Figure 4](#F4){ref-type="fig"}**). Treatment with ALCAR rather than with gabapentin inhibited numerical changes of nerve fibers (**[Figure 4](#F4){ref-type="fig"}**). Axon area decreased in large and small fibers distal to the right nerve ligation compared to the homologous nerve fibers of controlateral unoperated nerve (**[Figure 5](#F5){ref-type="fig"}**). In the distal portion of the ligated nerve, myelin sheaths displayed a less homogeneous deposition of staining (data not shown) with decreased thickness of sheaths irrespectively of the fiber size (**[Figure 5](#F5){ref-type="fig"}**). Treatment with ALCAR inhibited the reduction of axon and myelin thickness in nerve fibers of the lesioned nerve (**[Figure 5](#F5){ref-type="fig"}**), whereas gabepentin had no effect (**[Figure 5](#F5){ref-type="fig"}**).

![Quantitative analysis of the total number of nerve fibers of sciatic nerve in control unoperated left sciatic nerve in the distal portion of the right sciatic nerve of control acetyl-l-carnitine (ALCAR)-treated or gabapentin-treated (GBP) rats.\
Analysis was performed as detailed in the materials and methods section using osmium fixed tissues in six animals per group. \#*P* \< 0.01, *vs*. left unoperated nerve. &*P* \< 0.01, *vs*. right ligated nerve of control untreated rats (analysis of variance followed by the Student-Newman-Keuls test).](NRR-13-692-g004){#F4}

![Morphometric analysis of myelin thickness and axon diameter for larger (A, C) and small fibers (B, D) in control unoperated left sciatic nerve in the distal portion to ligation of the right sciatic nerve of control, acetyl-l-carnitine (ALCAR)-treated or gabapentin-treated (GBP) rats.\
Analysis was performed as detailed in the materials and methods section using osmium fixed tissues in six animals per group. \#*P* \< 0.01, *vs*. left unoperated nerve nerve. &*P* \< 0.01, *vs*. right ligated sciatic nerve of control untreated rats (analysis of variance followed by the Student-Newman-Keuls test).](NRR-13-692-g005){#F5}

Molecular analysis results {#sec2-13}
--------------------------

Sections of sciatic nerve treated for NFP immunohistochemistry developed a dark brown axonal staining, with an immunoreaction more intense in the external part of axons. Reduced NFP immunoreactivity was observed in the sciatic nerve distal to ligation in control rats (**[Figure 6B](#F6){ref-type="fig"}**) compared to the contralateral unoperated nerve (**[Figure 6A](#F6){ref-type="fig"}**). Quantitative analysis showed that treatment with ALCAR increased significantly axonal NFP immunoreactivity (*P* = 0.001, *vs*. control rats) in the distal part of the sciatic nerve (**Figure [6C](#F6){ref-type="fig"}** and **[E](#F6){ref-type="fig"}**).

![Neurofilament protein 200 kDa and myelin basic protein immunohistochemistry in the rat sciatic nerve.\
Sections processed for neurofilament protein (A--D) and myelin basic protein immunohistochemistry (F--J). In the left unoperated sciatic nerve of control rats (A), an obvious axonal neurofilament protein (NFP) immunoreactivity was observed (white asterisk), whereas pale and non-immunoreactive myelin sheaths surrounded axons. Very low immunoreactivity was noticeable in the portion distal to ligation of the right damaged sciatic nerve of control rats (B). Increased immunoreactivity (black asterisk) was observed in ligated nerves of acetyl-l-carnitine (ALCAR)-treated rats (C), but not in gabapentin (GBP)-treated rats (D). Scale bars: 12.5 mm. Microdensitometric analysis was shown in panel (E), and data represent the optical density (OD) of immunoreactivity expressed in arbitrary units (mean ± SEM; *n* = 6). In the sections processed for myelin basic protein immunohistochemistry, an immune reaction in the myelin sheaths (arrows) was evident in the left unoperated sciatic nerve of control rats (F). A sharp decrease of immunoreactivity was observed in the right ligated nerve of control rats distal to ligation (G). Myelin basic protein immunoreactivity (arrowheads) in ligated nerve was largely decreased after treatment with ALCAR (H) and slightly decreased after GBP treatment (J). Scale bars: 12.5 mm. Microdensitometric analysis was shown in panel (K), and data represent the optical density (OD) of immunoreactivity expressed in arbitrary units (mean ± SEM; *n* = 6). \#*P* \< 0.01, *vs*. left unoperated nerve; &*P* \< 0.01, *vs*. right ligated nerve of untreated control rats (analysis of variance followed by the Student-Newman-Keuls).](NRR-13-692-g006){#F6}

MBP immunostaining showed a normal pattern of myelin organization in the left contralateral unoperated sciatic nerve with dark brown immunoreactivity in the myelin sheaths (**[Figure 6F](#F6){ref-type="fig"}**). A remarkable reduction of MBP immunoreactivity was noticeable in the distal part of the ligated nerve irrespectively of fiber size and degree of myelination (**[Figure 6G](#F6){ref-type="fig"}**). Treatment with ALCAR increased significantly MBP immunoreactivity (*P* = 0.001, *vs*. control rats) in the distal part of ligated nerve (**Figures [6H](#F6){ref-type="fig"}** and **[K](#F6){ref-type="fig"}**).

Discussion {#sec1-4}
==========

Peripheral neuropathies are syndromes characterized by nerve fiber degeneration (Valat et al., 2010). Results from this study revealed that microanatomical changes appear after loose ligation of the sciatic nerve. In this model, either axonal components of the nerve and myelin sheaths were affected with remarkable loss of myelinated and unmyelinated nerve fibers. These findings support and extend our previous investigations reporting the occurrence of apoptosis in nerve trunks with DNA fragmentation in the nuclei of Schwann cells and axonal degeneration in the part distal to the ligation significantly higher than that in the proximal part and the anti-hyperalgesic effect of ALCAR (Di Cesare Mannelli et al., 2009).

This study reported the neuroprotective activity of ALCAR. The preclinical data deserve further research in humans. ALCAR, the short chain ester of carnitine L-isomer, depending on the country, is available either as a registered drug or as a nutraceutical. It is included in the list of nutritional agents, producing cognitive benefits for middle-aged and elderly people (Salvioli et al., 1994; Malaguarnera et al., 2012; Traina et al., 2016). In fact, ALCAR is actively transported across the blood-brain barrier (BBB) and it is important for energetic balance in the brain. ALCAR, in the cells, transports fatty acids from the cytoplasm into the mitochondria where they provide substrate for ATP generation *via* oxidative phosphorylation (Kidd et al., 2008). It has also free radical scavenging properties (Mansour et al., 2006) and is thought to influence the cholinergic system by promoting the synthesis and release of acetylcholine (Imperato et al., 1989). In addition to the above functions, ALCAR buffers potentially toxic acyl-CoA metabolites and modulates the ratio of acyl-CoA/CoA facilitating the uptake of acetyl-CoA into the mitochondria during fatty acid oxidation. In the central nervous system, ALCAR participates in the maintenance and repair processes of neurons, upregulating the expression of NGF and of its receptor, p75^NGFR^ (Piovesan et al., 1994; Foreman et al., 1995). ALCAR is also able to attenuate the mortality rate of neurons (Manfridi et al., 1992), enhance the response to NGF (Taglialatela et al., 1991), and decrease the neurotoxicity evoked by mitochondrial uncoupling factors or inhibitors (Virmani et al., 1995).

Our findings revealed that ALCAR elicits a neuroprotective effect on CCI rats. In rat models of neuropathy, ALCAR was able to relieve pain sensation, showing analgesic and anti-hyperalgesic properties. This activity is documented by the increase of pain threshold elicited by ALCAR both in the paw ipsilateral to ligation (anti-hyperalgesic effect) and in controlateral unoperated control paw (analgesic effect). The level of anti-hyperalgesic activity of ALCAR was similar to that elicited by GAB, an anticonvulsant drug largely used for the treatment of painful symptoms of neuropathy (Gilron et al., 2006; Teasell et al., 2010; Chaparro et al., 2012). On the other hand, GAB showed no analgesic effects in the animal models used. Moreover, ALCAR exerted a protective effect on the peripheral nerve portion most affected by ligation, the distal one. This neuroprotective activity is not shared by GAB. It cannot be excluded that the activity on hyperalgesia after treatment with ALCAR may depend in part by the effects that the compound induced on sciatic nerve morphology. On the other hand, ALCAR showed no antihyperalgesic effect after a single administration (data not shown). CCI caused changes of the myelin sheaths and axonal damage which are likely responsible for a transient loss of hindpaw motor function and trigger the pathological pain signal (Kingery et al., 1994; Pacini et al., 2010). After recovery of the axonal lesion (40--60 days), when the distal axon regeneration occurs, both motor function impairment and hyperalgesia are resolved (Kingery et al., 1994).

The complex mechanism of action of ALCAR leads to a difficulty to hypothesize the pathways through which it exerts neuroprotective effects documented in the present study. As working hypotheses, the stimulatory role of ALCAR on acetyl-CoA (Pettegrew et al., 2000) and acetylcholine synthesis (Imperato et al., 1989) and/or the ALCAR-induced increase in trophic factors (Vivoli et al., 2010) are the most probable. Acetyl-CoA is involved in redox reactions eliminating reactive oxygen species, the increase of which is related to the pathophysiology of neuropathy (Naik et al., 2006). *In vivo* and *in vitro* studies have demonstrated that acetylcholine as a neurotransmitter has a neuroprotective role in the central, peripheral and autonomic nervous systems (Ryan et al., 2001; Takada et al., 2003). In addition to their physiological role, i.e., cellular energy metabolic actions to facilitate β-oxidation of fatty acids and carbohydrate metabolism (stimulation of pyruvate dehydrogenase), carnitines have been shown to display *in vitro* antioxidant activities, possibly through their action against free hydroxyl radicals (OH•) formation in Fenton-type reactions (Gülcin et al., 2006). Trophic factors are involved both in pain perception and neurorestoration. NGF and other members of the neurotrophin family act as pain mediators. The administration of neurotrophin in rats determined a pronounced mechanical and thermal hyperalgesia (Levin et al., 1994). Members of GDNF family and in particular GDNF and Artemin, in addition to their ability to support regeneration after nervous tissue damage (Chen at al., 2001; Wang et al., 2008), can normalize pain threshold and therefore exert an anti-hyperalgesic effect (Boucher et al., 2001; Gardel et al., 2003; Wang et al., 2008). A recent study of our group has reported that in the CCI rat models of neuropathy, neurotrophic factor changes consisted of increased expression of NGF and decreased expressions of GDNF and Artemin (Vivoli et al., 2010). In the same model used in the present study, ALCAR restored altered levels of the above neurotrophic factors with a pronounced activity on Artemin expression, which is increased also in sham-operated animals and in a pathology-independent manner (Vivoli et al. 2010). This suggests that the compound may stimulate rescue of damaged nerves by acting on neurotrophic factors.

To conclude, further studies are necessary to clarify the mechanism(s) of neuroprotective activity of ALCAR in the neuropathy models investigated, relevant features in micronatomical restoration are shown. The compound deserves specific clinical trials aimed at investigating its role in the prevention of peripheral nerve damage.
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